Materials and Methods
Materials and Methods are available in the online-only Supplement. Male C57BL/6, IFN-γ −/− , Rag-1 −/− (all from Jackson Laboratories, Bar Harbor, Maine), as well as serum amyloid P component gene-IFN-γ, 14 Tbx21 −/− , 15 lysozyme M (LysM) Cre/Cre , 16 ROSA26 iDTR/iDTR17 (crossed to generate male LysM Cre/wt and LysM Cre/wt /ROSA26 iDTR/wt , abbreviated LysM and LysM iDTR ) 18 all on the C57BL/6J background were used as experimental animals. Mice were treated with ATII-loaded miniosmotic pumps (1 mg/kg per day for 7 days) or sham-treated, partially equipped with carotid catheter implants for telemetric blood pressure measurements. In selected experiments, C57BL/6 mice were depleted of NK-cells by injecting depleting anti-NK1.1 antibody, or LysM iDTR mice were depleted of monocytes by diphtheria-toxin receptor-mediated cell ablation. After 7 days of ATII treatment, mice were killed, and blood and aorta were collected. Tissue was subjected to vascular relaxations studies, ROS measurements (lucigenin-enhanced chemiluminescence and fluorescence oxidative microtopography), flow cytometry analysis of inflammatory cells and cytokine production, and mRNA and protein expression analysis. Data are expressed as mean±SEM or median with box plot and whiskers (min to max).
Results

IFN-γ Promotes ATII-Induced Vascular Inflammation and Dysfunction
ATII-induced vascular endothelial and smooth muscle dysfunction in wild-type (WT) mice was accompanied by increased aortic IFN-γ and T-bet expression ( Figure 1A and 1B ). IFNγ −/− and Tbx21 −/− mice (deficient in the gene encoding for T-bet) remained largely protected from ATII-induced vascular dysfunction (Figure 1C and 1D; Tables I and II in the onlineonly Data Supplement) , whereas transgenic serum amyloid P component gene-IFN-γ mice with systemic IFN-γ overproduction showed constitutive endothelial dysfunction and nox2 and p67 phox upregulation in aortic lysates in the absence of ATII ( Figure IA and IB in the online-only Data Supplement). Indicative of a proinflammatory and pro-oxidant role of IFN-γ in ATII-induced vascular injury expression levels and membrane translocation of the nicotinamide adenosine dinucleotide phosphate oxidase subunits Nox2 (gp91 phox ), p22 phox , p67 phox , and p47 phox increased in response to ATII in WT controls but remained significantly dampened in Tbx21 −/− mice (Figure 2A-2D; Figure IIA and IIB in the online-only Data Supplement) . Likewise, ATII-infused Tbx21 −/− mice showed less superoxide formation in aortic rings and whole blood and drastically less aortic peroxynitrite formation than controls, paralleled by blunted ATII-induced aortic inducible NO synthase (iNOS) mRNA expression ( Figure 2E -2H; Figure IIC in the onlineonly Data Supplement). In contrast to differences in ATIIinduced vascular dysfunction and except for a slight delay in blood pressure increase in Tbx21 −/− mice, blood pressure levels evaluated by continuous telemetric recording at baseline and during 7 days of ATII infusion (at 336 hours) showed no significant difference in systolic blood pressure between Tbx21 −/− (systolic: 121.1±1.79 versus 157.9±11.48 mm Hg) and WT mice (120.9.±1.02 versus 167.1±1.00 mm Hg; Figure IID in the online-only Data Supplement).
Depletion of NK-Cells Protects From ATII-Induced Vascular Dysfunction
ATII-induced vascular dysfunction in WT mice was marked by a drastic recruitment of NK1.1 + T cell receptor (TCR) β -NK-cells into the aortic wall, which was virtually absent in Tbx21 −/− and IFN-γ −/− mice ( Figure 3A ). Remarkably, depletion of NK-cells by injection of a depleting monoclonal NK1.1specific antibody before ATII treatment significantly reduced endothelial and smooth-muscle vascular dysfunction in WT mice ( Figure 3B and 3C; Table III in influence ATII-induced vascular dysfunction (not shown).
These observations indicate that NK-cells are required for the initiation of ATII-induced vascular inflammation.
ATII-Induced Vascular Inflammation Depends on Mutual NK-Cell Monocyte Activation
In addition to NK-cell infiltration, ATII-induced aortic infiltration of CD11b + Gr-1 low monocytes was significantly attenuated in Tbx21 −/− and IFN-γ −/− mice ( Figure 3D ) and consecutively accompanied by reduced upregulation of monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1 α, and P-selectin ligand in ATII-infused Tbx21 −/− mice ( Figure  3E ; Figure IIIA -IIIC in the online-only Data Supplement). NK-cells are driven to full maturation by CD11b + monocyte-derived interleukin (IL)-12. 19 Interestingly, ATII increased vascular IL-12 mRNA expression in the aortic wall in WT, but significantly less in Tbx21 −/− mice ( Figure 3F and 3G), underlining the important role for T-bet directing IL-12 formation by CD11b + cells. Confirming the interconnection to NK-cell-derived IFN-γ in ATII-induced vascular inflammation, aortic NK1.1 + NK-cells produced IFN-γ in response to IL-12/IL-18 ex vivo stimulation ( Figure 3H ). Because the latter suggested a role of T-bet + CD11b + myelomonocytic cells in NK-cell recruitment and local activation, we depleted LysM iDTR mice of monocytes and reconstituted them with Tbx21 −/− or WT monocytes. Reconstitution of depleted LysM iDTR mice with WT, but not with T-bet neg monocytes, 18 re-establishes ATII-induced vascular endothelial or smooth muscle dysfunction ( Figure 4A ; Table IV in the online-only Data Supplement) and vascular oxidative stress ( Figure 4B ). In addition, depletion of LysM + cells attenuated the increase of IFN-γ + NK1.1 + NK-cells in response to ATII in the aortic wall ( Figure 4C ). Together these findings reveal a crucial role of monocytic T-bet expression in vascular NK-cell recruitment and mutual NK-cell and monocyte activation in ATII-induced vascular dysfunction.
Discussion
We show here that ATII-induced vascular dysfunction depends on vascular entry and IFN-γ production by NK-cells. Despite representing a major component of the innate immune system and playing an important role in tissue inflammation, NK-cells have surprisingly not been considered in ATII-induced vascular dysfunction earlier.
NK-cells are poised for immediate effector function and are powerful producers of various inflammatory cytokines and growth factors, such as IFN-γ, tumor necrosis factors-α, and granulocyte-macrophage colony-stimulating factor. On recruitment to inflammatory sites, NK-cells engage with monocytes in a reciprocal program of activation. Within this mutual activation, NK-cell-derived IFN-γ plays an important role in propagating the activation and maturation of monocytes into macrophages and dendritic cells that produce IL-15, IL-12, and IL-18. [20] [21] [22] In turn, IL-12 synergizes with IL-18 in stimulating IFN-γ production in NK-cells, resulting in a positive feedback loop that represents an important amplifying mechanism in the early innate inflammatory response. In accordance with this mechanism, we find that the accumulation of NK-cells and monocytes is paralleled by an increase not only of IFN-γ, but also of IL-12 in aortic tissue in response to ATII, a mechanism drastically reduced in Tbx21 −/− mice. However, pursuant to their functional interdependency in the initiation of inflammation, neither adoptive transfer of IFN-γ competent NK-cells nor monocytes alone could re-establish ATII-induced vascular dysfunction and oxidative stress in Tbx21 −/− mice ( Figure IV in the online-only Data Supplement).
Like macrophages, NK-cells are powerful producers of the chemoattractant macrophage inflammatory protein 1 α, especially when stimulated by monocytes. 23 Additionally, MCP-1 is causally involved in monocyte recruitment via interaction with the C-chemokine receptor 2, 24,25 and monocytes are themselves the major cellular source of MCP-1 expression. 26 chemokines of the C-chemokine ligand family are required for effective chemoattraction, endothelial transmigration, and infiltration of myelomonocytic cells, but also lymphoid cells like NK-cells to inflamed tissue 27 and are essentially involved in the pathogenesis of atherosclerosis. 28, 29 It has been demonstrated that combined knockout and inhibition of C-chemokine ligand-2 (ie, MCP-1), CX 3 CR1, the receptor for fraktalkine (or CX 3 CL1) and CCR5 (ie, the macrophage inflammatory protein 1 α receptor) almost completely abolishes atherosclerotic lesion formation, 30 underscoring the importance of these chemokines for atherogenesis. Notably, the expression of MCP-1/C-chemokine ligand-2 has been shown to increase dramatically in response to IFN-γ. 31 Consistent with this concept, MCP-1 and macrophage inflammatory protein 1 α, but also P-selectin ligand expression, were significantly reduced in aortic homogenates of ATII-infused Tbx21 −/− mice as compared with ATII-infused controls, 32, 33 paralleled by a reduced vascular influx of inflammatory leukocytes.
We and others previously observed that inflammatory cells of the myelomonocytic lineage promote ATII-induced vascular dysfunction mainly through phagocyte-type nicotinamide adenosine dinucleotide phosphate oxidase-driven ROS formation and inducible NO synthase activity. 18, 24, [34] [35] [36] Consistent with this concept, Tbx21 −/− mice showed attenuated nicotinamid adenosin dinucleotid phosphate oxidase activity and expression as well as reduced inducible NO synthase expression and peroxynitrite formation, underscoring the importance of the T-bet/IFN-γ axis to promote ATII-induced inflammatory cell-driven oxidative stress in the vasculature. Interestingly, adoptive transfer of T-bet-deficient monocytes was insufficient to reinstate ATII-induced vascular dysfunction and oxidative stress in monocyte-depleted LysM iDTR mice, indicating a role of T-bet in vascular monocyte inflammatory activity. Indeed, monocytes have been shown to depend on T-bet to activate NK-cells via IL-12, 19 and when we depleted monocytes in vivo, the amount of IFN-γ-competent NK-cells in the aorta of mice challenged by ATII was drastically reduced (Figure 4 ). Thus, the T-bet/IFN-γ axis participates in both sides of the reciprocal monocyte NK-cell activation, initiating vascular inflammation independent from blood pressure changes, which were unaltered in Tbx21 −/− mice. This observation is in line with previous studies on ATII-induced cardiac inflammation and cardiac damage in mice deficient in IFNγ-signaling, revealing an unaltered blood pressure response to ATII compared with WT mice. Thus, although IFN-γ seems to be required in the initiation of vascular inflammation, it does not affect blood pressure changes, indicating that the T-bet/ IFN-γ-driven proinflammatory action of ATII on the vasculature is independent of hemodynamics.
In summary, we identify IFN-γ formed locally by NK-cells in the aortic wall as a critical initiator of vascular oxidative stress, inflammatory cell recruitment, and reciprocal innate immune cell activation in the vessel wall and show that NK-cell depletion largely protects from ATII-induced vascular dysfunction.
